Similar to many genes involved in programmed cell death (PCD), the caspase 2 (casp-2) gene generates both proapoptotic and antiapoptotic isoforms by alternative splicing. Using a yeast RNA-protein interaction assay, we identified RBM5 (also known as LUCA-15) as a protein that binds to casp-2 pre-mRNA. In both transfected cells and in vitro splicing assay, RBM5 enhances the formation of proapoptotic Casp-2L. RBM5 binds to a U/C-rich sequence immediately upstream of the previously identified In100 splicing repressor element. Our mutagenesis experiments demonstrate that RBM5 binding to this intronic sequence regulates the ratio of proapoptotic/antiapoptotic casp-2 splicing isoforms, suggesting that casp-2 splicing regulation by RBM5 may contribute to its tumor suppressor activity. Our work has uncovered a player in casp-2 alternative splicing regulation and revealed a link between the alternative splicing regulator and the candidate tumor suppressor gene. Together with previous studies, our work suggests that splicing control of cell death genes may be an important aspect in tumorigenesis. Enhancing the expression or activities of splicing regulators that promote the production of proapoptotic splicing isoforms might provide a therapeutic approach to cancer.
alternative splicing regulation ͉ cancer ͉ cell death ͉ RNA binding protein A poptosis, a type of programmed cell death, is critical not only for embryonic development but also for adult tissue homeostasis. Accumulating evidence supports that insufficient cell death plays a role in tumorigenesis and contributes to the development of resistance to cancer therapies. Apoptosis involves a cascade of activation of cysteine-aspartate proteases, beginning with initiator caspases followed by executor caspases (for recent reviews, see refs. 1-3). Caspase 2 is one of the initiator caspases activated by various stimuli, including chemotherapeutic agents, reactive oxygen species, death receptor ligands, and heat shock treatment (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) . The caspase 2 gene produces several alternative splicing isoforms. Exclusion or inclusion of exon 9 results in the formation of the major splicing isoforms, Casp-2L and Casp-2S, with antagonistic activities in cell death. Exon 9 inclusion leads to the inclusion of an in-frame stop codon, thus producing a truncated protein, Casp-2S. The Casp-2L mRNA transcript encodes a full-length procaspase, whereas Casp-2S lacks the enzyme active domain and inhibits apoptosis. Casp-2L is expressed in a range of tissues, and Casp-2S is expressed predominantly in the heart, brain, and skeletal muscle (14, 15) . Casp-2L promotes apoptosis, and Casp-2S overexpression protects cells against apoptosis induced by chemotherapeutic drugs such as etoposide (16) (17) (18) . Motor neuron death is accelerated in caspase 2-deficient mice during development (19) , suggesting that splicing regulation of Casp-2L/Casp-2S may play an important role in neural development.
To understand molecular mechanisms regulating Casp-2 alternative splicing, we have begun to dissect cis-regulatory elements controlling Casp-2 alternative splicing and identified an intronic element, In100, that suppresses exon 9 inclusion (20, 21) . Our recent work suggests that such an intronic element may be a general motif for regulating caspase alternative splicing (22) . To search for transacting factors regulating Casp-2 alternative splicing, we used a yeast RNA-protein interaction cloning strategy, with the intronic sequence containing In100 and flanking sequence as bait to identify proteins interacting with this region of Casp-2 pre-mRNA. This led to the identification of RBM5 as a protein interacting with Casp-2 pre-mRNA. Using transfected cells and in vitro biochemical assays, we show that RBM5 regulates Casp-2 alternative splicing. RBM5 overexpression increases the production of Casp-2L isoform and induces apoptosis. By deletion and site-specific mutagenesis, we have mapped the RBM5-binding site to a U/C-rich sequence upstream of the In100 element. Deleting or mutating this RBM5-binding site in the Casp-2 pre-mRNA decreases Casp-2L and increases Casp-2S, demonstrating the functional importance of RBM5 in regulating Casp-2 alternative splicing.
Results
Identification of RBM5 as a Candidate Splicing Regulator for Casp-2.
Our previous work revealed that a 100-nucleotide element inside intron 9, named In100, acts as an important sequence regulating casp-2 alternative splicing. To understand molecular mechanisms controlling casp-2 alternative splicing, we used the yeast RNAprotein interaction approach to screen for cDNAs encoding factors interacting with this sequence element. As illustrated in Fig. 1 and described in Materials and Methods, the bait construct contained In100 with the flanking sequence, including 45 nucleotides upstream of and 9 nucleotides downstream of In100, fused to an MS2-binding site in plasmid pRH5Ј. This bait plasmid was expressed in the yeast cells containing reporter genes and then used to screen a human fetal brain cDNA library. After screening Ϸ2 ϫ 10 6 independent colonies, eight cDNA clones were identified, including the cDNA encoding RBM5. Detailed analyses of other cDNA clones are still in progress and will be reported elsewhere. We focus on characterization of RBM5 in this work.
antibody (Fig. 2C ). RBM5 overexpression significantly increased Casp-2L and decreased Casp-2S, increasing the Casp-2L/Casp-2S ratio ( Fig. 2 B-D) . As shown in Fig. 2 E and F, RBM5 overexpression also altered the Casp-2L/Casp-2S ratio of the endogenous Casp-2 gene. However, RBM5 did not affect alternative splicing of several other apoptosis genes examined, including Bcl-x (data not shown) and caspase 3 (exon 6-8, Fig. 2 E and G) . This demonstrates that RBM5 does not nonspecifically affect alternative splicing of all genes involved in cell death.
To investigate the role of the endogenous RBM5 gene in regulating Casp-2 alternative splicing, we used specific siRNA to down-regulate RBM5 expression. After testing different conditions for siRNA transfection in HEK293 cells, we were able to reduce RBM5 expression by Ϸ60-70%, as detected by RT-PCR with RBM5-specific primers (Fig. 2H Middle) and by Western blotting using specific anti-RBM5 antibody (Fig. 2I) . Compared with the control-siRNA, RBM5-siRNA significantly reduced the Casp-2L/ Casp-2S ratio when cotransfected with the Casp-2 minigene (Fig.  2 J) , demonstrating that the endogenous RBM5 protein is involved in regulating Casp-2 alternative splicing. Both RBM5 overexpression and knockdown experiments support that RBM5 regulates Casp-2 alternative splicing and promotes the formation of proapoptotic Casp-2L isoform.
RBM5 Overexpression Induces Apoptosis. To test the role of RBM5 in cancer cell death, we examined effects of RBM5 overexpression in HeLa cells. Similar to our data (30), Ϸ5% of HeLa cells showed apoptotic cell death under our culture conditions, and the vector control plasmid transfection did not affect cell death (Fig. 3) . However, RBM5 expression significantly increased cell death as assayed by both nuclear morphological changes and TUNEL (Fig.  3) . Approximately 20% of RBM5-GFP-expressing cells showed condensed or fragmented nuclei compared with Ϸ5% in the GFP control group (Fig. 3 A and C) . Consistently, TUNEL staining showed significantly increased TUNEL-positive cells compared with the control group ( Fig. 3 B and D) . These data indicate that RBM5 overexpression is sufficient to induce HeLa cancer cell death.
RBM5
Interacts with Casp-2 Pre-mRNA in a Sequence Upstream of In100 Element. To investigate mechanisms underlying RBM5 activity in regulating Casp-2 alternative splicing, we examined the interaction of RBM5 with Casp-2 pre-mRNA by using purified recombinant RBM5 protein (Fig. 4A) . We set up a gel-mobility shift assay by using the wild-type Casp-2 pre-mRNA transcript prepared from C2 construct or different mutant Casp-2 RNA transcripts containing deletions in different regions (Fig. 4B) . Interestingly, both the RNA transcript containing In100 (C2) and the RNA lacking In100 element (C3) interacted with RBM5, resulting in specific gel-shift bands (Fig. 4C, lanes 1-4) . Specific gel-shift signals were detected with C3, C2Sal, and C2Bgl RNAs, but not with C2Nco or C2Bam RNA transcripts (Fig. 4C , lanes 1-4 and lanes [7] [8] [9] [10] [11] [12] [13] [14] . In addition, In100 RNA failed to bind to RBM5 (Fig. 4C , lanes 5 and 6). These results indicate that the RBM5-binding site is inside intron 9 but outside of the In100 element. Similar gel-shift experiments were performed in the presence of competing nonradiolabeled RNA transcripts. C2Bgl but not C2Nco RNA was able to compete with the C2Sal RNA in RBM5 binding (Fig. 4C, lanes  15-18) , demonstrating that the RNA region between In100 and NcoI inside intron 9 contained the specific RBM5-binding site.
To define the RBM5-binding site further, we used RNA oligomers IchIVS9-280, IchIV9-316, and IchIV9-348, covering the entire sequence between the NcoI site and In100 in intron 9 (Fig.  5A ). These RNA oligomers were radiolabeled and incubated with the purified GST-RBM5 protein in the gel-mobility shift assay. Only IchIV9-348 RNA, but not other RNA oligomers, showed the RBM5-binding signal (Fig. 5B, lane 6) . Using unlabeled RNA oligomers, we demonstrated that IchIV9-348, but not IchIV9-280, competed with RBM5 binding (Fig. 5B, lanes 8-12) , indicating that the IchIV9-348 fragment contained the RBM5-binding site.
The interaction between RBM5 and Casp-2 pre-mRNA was further characterized by using UV-cross-linking assay with IchIV9-348 or shorter RNA oligonucleotides containing either the wildtype RBM5-binding sequence (BSwt) or mutant sequence in which U/C-rich sequence was mutated to G/A sequence (BSmut), as illustrated in Fig. 5C . Both IchIV9-348 and BSwt RNAs showed comparable interaction with purified RBM5 protein (Fig. 5D, lanes  1 and 2) . However, changing the U/C sequence to G/A significantly reduced, although not completely eliminated, RBM5 binding (Fig.  5D , compare lane 3 with lane 2). This demonstrates that the U/C-rich element upstream of In100 interacts with RBM5.
Mutating the RBM5-Binding Site Alters Casp-2L/Casp-2S Ratio. To investigate the functional significance of RBM5 binding in Casp-2 alternative splicing, we constructed a series of minigenes containing different mutations in the IchIV9-348 region (Fig. 6A) . Compared with the wild-type C2 minigene, C2-356M only showed a slightly reduced Casp-2L/Casp-2S ratio. However, either deleting 30-nucleotide (C2-delta30) or changing the U/C-rich sequence to G/A (C2-384M) significantly reduced Casp-2L/Casp-2S ratio (Fig. 6 B  and C) . When the RBM5 plasmid was cotransfected with the wild-type C2 minigene, the formation of Casp-2S was reduced with a concurrent increase in the Casp-2L level. This RBM5-induced activity was significantly decreased when the C2-384M minigene was used, although the RBM5 expression levels were similar (Fig.  6 D and E) . The RBM5 response was not completely eliminated, consistent with the residual RBM5 binding to C2-384M RNA (Fig.  5D ). These results demonstrate that the U/C-rich RBM5-binding site plays a role in regulating the ratio of Casp-2 alternative splicing.
RBM5 Stimulates Casp-2 Exon 8 to Exon 10 Splicing in Vitro.
To examine further the role of RBM5 in regulating Casp-2 splicing 1-14) . The arrowheads and arrows indicate RNA-RBM5 complexes and free probes, respectively. RBM5 interacts with C3, C2Sal, and C2Bgl RNAs, but not In100, C2Nco, or C2Bam RNAs. Lanes 15-18 contain the gel-shift reactions in the presence of excess amounts of corresponding RNA transcript not radiolabeled as a competitor. C2Bgl but not C2Nco was capable of competing with the C2Sal RNA in forming RBM5 complex. These results indicate the RBM5-binding site is located between the NcoI and BglII sites but outside of In100 region, namely, the region immediately upstream of In100 and downstream of the NcoI site.
regulation, we used an in vitro splicing assay with HeLa cell nuclear extract (NE) and the radiolabeled Casp-2 pre-mRNA. After incubation with HeLaNE, the splicing products, Casp-2S and Casp-2L, were detected by gel electrophoresis followed by autoradiography as described in ref. 21 . The Casp-2L level was increased by the addition of the purified RBM5 protein in a dose-dependent manner ( Fig. 7 A and B) . To test whether the RBM5 activity depended on the presence of exon 9, we prepared an exon 8-10 minigene construct (Ex8-10) in which exon 9 and In100 sequences were deleted, but the RBM5-binding site was retained, as illustrated in Fig. 7C . When the Ex8-10 pre-mRNA was used in the in vitro splicing assay in the absence and presence of exogenous RBM5 protein, it was clear that RBM5 enhanced the efficiency of splicing between exon 8 and exon 10 ( Fig. 7 D and F) . When the RBM5-binding site was mutated, the resulting Ex8-10(384M) splicing substrate showed significantly reduced response to RBM5 (compare Fig. 7 E and G with D and F) . RBM5 did not affect beta-globin pre-mRNA splicing [supporting information (SI) Fig. S1 ]. Together, these results demonstrate that RBM5 acts to stimulate the splicing between exon 8 and exon 10 independently of exon 9 and In100 sequences and that the U/C-rich RBM5-binding site upstream of In100 is important for RBM5 splicing stimulation.
Model for RBM5 Function in Splicing Regulation. Our overexpression and knockdown experiments indicate that RBM5 promotes the formation of proapoptotic Casp-2L isoform (Fig. 2) . The in vitro splicing assay shows that activation of Casp-2L splicing does not depend on exon 9 or In100 sequences (Fig. 7) . Deleting or mutating the RBM5-binding site affects the activity of RBM5 in regulating casp-2 splicing. These results led us to propose a model for RBM5 function in regulating Casp-2 alternative splicing as depicted in Fig.  8 : RBM5 binds to a U/C-rich sequence immediately upstream of In100 and promotes the formation of proapoptotic Casp-2L by activating the splicing between the 5Ј splice site of intron 8 and the 3Ј splice site of intron 9. Consistent with this model, RBM 5 overexpression induced apoptosis in HeLa cells (Fig. 3) . Together with previous studies, our results suggest that one mechanism for RBM5 tumor suppressor activity is to facilitate the production of proapoptotic isoforms of gene products, including CASP-2L.
Discussion
To investigate the role of alternative splicing in regulating cell death genes, we have examined both cis-elements and transacting splicing regulators involved in regulating Casp-2 splicing (20-22, 30) . One cis-regulatory sequence identified from our previous study is In100, the intronic element containing a decoy 3Ј splice site and polypyrimidine tract-binding (PTB) protein-binding sites (20, 21) . Recent experiments suggest that in addition to U2snRNP, U2 auxiliary factor and PTB, other splicing regulators may interact with this region (K.F. and J.Y.W., unpublished observation). We used an intronic fragment containing In100 and flanking sequences as bait to screen for proteins interacting with this intronic regulatory region (Fig. 1) . One factor identified by this strategy is the candidate tumor suppressor gene, RBM5/LUCA-15/H37. The gel-mobility shift and UV-cross-linking assays show that purified RBM5 protein interacts directly with Casp-2 pre-mRNA (Figs. 4 and 5) . Systematic deletion and mutagenesis experiments indicate that RBM5 does not interact with In100 per se, but binds to the U/C-rich sequence immediately upstream of In100 (Figs. 5 and 6 ). RBM5 stimulates splicing between exon 8 and exon 10 in an In100-independent manner (Fig. 7) .
Several lines of evidence support that RBM5 has tumor suppressor activities. RBM5 was originally identified as one of genes deleted in human lung cancer in the 3p21.3 chromosomal region (23) together with two single-nucleotide polymorphism changes (24) . RBM5 expression is repressed in 70-80% of lung cancers (25) . RBM5 overexpression causes cell cycle arrest, apoptosis, and inhibition of tumor growth (25) (26) (27) 29) , sensitizing cells to apoptosis induced by death receptor ligands, FAS, TNF-␣, and TRAIL (31, 32) . However, the mechanism for this sensitization was not known. An antisense transcript, Je2, negatively regulates RBM5 expression (28, 33) .
RBM5 is an RNA-binding protein containing two RNA recognition motifs (26, 34) . However, the cellular targets for RBM5 had not been reported. Our results indicate that at least one target gene that RBM5 regulates at the posttranscriptional level is casp-2, an initiator caspase gene critical for cell death regulation. Our experiments have revealed that RBM5 binds to a U/C-rich sequence in intron 9 of casp-2 and that this RBM5-binding sequence is functionally important for RBM5 activity in regulating casp-2 alternative splicing (Figs. 5 and 6 ). Our observation that RBM5 overexpression in HeLa cells causes cell death (Fig. 3) , together with the previous report that RBM5 stable transformants of lung cancer cell lines undergo apoptosis (29) , supports the role of RBM5 as an apoptosis regulator in cancer cells. RBM5 is localized in nuclei and associated with spliceosomal complexes (26, 35, 36) . Our work here indicates that RBM5 binds to casp-2 pre-mRNA and regulates the balance of casp-2L versus casp-2S splicing isoforms, uncovering a previously unknown activity of RBM5 as a splicing regulator. It is conceivable that other RBM5-like proteins also interact with the casp-2 RBM5-binding site and influence casp-2 alternative splicing. Two RBM5 homologs have been identified: RBM6, located adjacent to RBM5 on chromosome 3 at 3p21.3, and RBM10, on X chromosome at Xp11.23. RBM6 and RBM10 have 30% and 50% sequence homology to RBM5, respectively (37) . It is possible that RBM5, RBM6, and RBM10 have overlapping function, although the biochemical functions of RBM6 and RBM10 are still not clear (37) . In addition, several splicing isoforms of RBM5 have been identified, and the functional differences among different RBM5 splicing variants remain unclear (27, 28, 33, 38) . Interestingly, it was recently found that alternative splicing of two other apoptosis genes, FAS and c-FLIP, was altered only when RBM5, 6, and 10 were all depleted and that RBM5 promoted sequence-specific pairing of the distal splice sites in FAS gene (54) . Together with previous studies showing that RBM5 regulates multiple apoptosis pathways (28) , it is clear that the role of RBM5 in regulating apoptosis may involve multiple genes.
More than 70% of human genes undergo alternative splicing to generate splicing isoforms. Many genes show distinct splicing patterns in tumor and normal tissues, including genes crucial for tumorigenesis such as oncogenes and tumor suppressor genes (6, (39) (40) (41) (42) . Furthermore, many genes important for cell death, including casp-2, are regulated by alternative splicing (for example, [43] [44] [45] . These studies reveal the high level of complexity of alternative splicing regulation of genes involved in tumorigenesis and suggest that alternative splicing is an extremely powerful mechanism for the genetic/proteomic diversity associated with cancer.
Several splicing regulators have been implicated in tumor development including TLS-ERG (translocation liposarcoma gene fused to the ETS-related gene), SRp20, SRm160, SF2/ASF, and hnRNP A1 (46) (47) (48) (49) (50) (51) . Our previous work has reported that hnRNP A1 promotes the formation of antiapoptotic casp-2S isoform (30) , consistent with its oncogenic activity (51) . Our experiments reported here reveal a previously unknown link between the candidate tumor suppressor gene and alternative splicing regulation. Alternative splicing patterns of many genes change in tumorigenesis, suggesting splicing regulation as an important aspect in cancer development (6, (39) (40) (41) (42) . It is conceivable that multiple mechanisms can affect alternative splicing in cancer cells, such as changes in the expression of spliceosomal components or splicing regulators, and mutations and chromosomal aberrations affecting transcriptional and posttranscriptional regulation of splicing factors. Although many tumor suppressor genes have been cloned, there were no reported cases of tumor suppressor(s) that act by regulating alternative splicing of cell death genes. Our study thus has provided insight for understanding tumor suppressor gene function. Stimulating the formation of proapoptotic splicing isoforms might provide therapeutic benefits in cancer treatment.
Materials and Methods
Yeast RNA-Protein Interaction Expression Cloning Screening. The RNA-protein Hybrid Hunter system (Invitrogen) was used according to the manufacturer's instructions to screen for proteins interacting with the Casp-2 intron 9 splicing regulatory sequence. The bait plasmid was constructed by fusing In100 element with flanking sequence to the MS2-binding site in the pRH5Ј plasmid (Invitrogen). The detailed screening information is provided in SI Materials and Methods.
Cell Culture, Transfection, and Splicing Assays. HEK293 and HeLa cells were cultured and transfected by using a modified calcium phosphate method as described (30, 52) . In the siRNA experiments, 150 pmol of either control siRNA or RBM5-specific siRNA (Ambion) and 1 g of Casp-2 minigene were cotransfected by Lipofectamine 2000 (Invitrogen) as described in the manual. After Fig. 8 . A model for RBM5 function in Casp-2 alternative splicing regulation. RBM5 binds to a U/C-rich element (shown by the white box) immediately upstream of In100 (as demarcated by the black box inside intron 9) and activates splicing between exon 8 and 10 of Casp-2 pre-mRNA. RBM5 acts by promoting splice site pairing/association between exon 8 and exon 10. In100 recruits U2AF and U2 snRNP and forms pseudospliceosome complex with U1snRNP on 5Ј splicing site of intron 9 to block splicing between exon 9 and 10 (20, 21) . Both the RBM5-binding sites and the In100 element contribute to caspase-2 alternative splicing regulation.
transfection, splicing products were detected by using RT-PCR as described (15, 30) , with details provided in SI Materials and Methods.
Recombinant Protein Purification. GST-control or GST-RBM5 protein was purified from Escherichia coli by using an AKTA PURIFIER system (GE Healthcare) with the detailed protocol described in SI Materials and Methods.
Plasmids and Antibodies. Casp-2 minigene plasmids C2, C3, Ex8 -10, and In100 were described (20, 21) . C2 mutant minigenes were constructed using PCR (see SI Materials and Methods). Monoclonal antibodies anti-myc and anti-tubulin were from purchased Covance. The polyclonal Ab anti-RBM5 was described in ref. 28 .
Cell Death Assays. GFP-tagged RBM5 or the control vector was transfected into HeLa cells. Twenty-four hours after transfection, cells were stained with 5 M membrane-permeable Hoescht dye and examined under a fluorescent microscope (Axiovert S100; Zeiss), as described (30, 53) . Cells with condensed or fragmented nuclei were scored as apoptotic cells, and mitotic cells were excluded from scoring. TUNEL assay was performed by using an in situ cell death kit (Roche) following the manufacturer's instructions. More than 1000 cells were scored in the GFP vector control or GFP-RBM5 groups. Three independent experiments were carried out for quantification.
Gel-Mobility Shift and in Vitro Splicing Assays. The wild-type Casp-2 minigene constructs were described before (21) . ␣-32 P-labeled RNA prepared from C2, C3, Ex8 -10, and In100 constructs were used for the gel-shift assay as described in ref. 21 with details provided in SI Materials and Methods.
